The Compact Linear Collider is a future electron-positron linear collider currently under study. Before being injected into the main linear accelerating structures, both the electron and the positron beams must pass through damping rings that will drastically reduce their emittance in all three dimensions. The required emittance reduction is achieved by passing the particle beams through alternating magnetic fields in superconducting wiggler magnets that result in the emission of intense synchrotron radiation. This article describes possible cooling schemes and possible cryogenic configurations to keep the magnets at operating temperature while removing the heat generated by the synchrotron radiation. 
INTRODUCTION
CLIC (the Compact Linear Collider) is a study for a future electron-positron collider that would allow physicists to explore a new energy region in the multi TeV range beyond the capabilities of today's particle accelerators. It would provide significant fundamental physics information complementary to the Large Hadron Collider and to lower-energy linear e+/e-collider, as a result of its unique combination of high energy and experimental precision [1] . FIGURE 1 shows a schematic view of the main subsystems of the CLIC accelerator. In order to obtain the required beam characteristics, the e+ and e-beams have to pass several times through Pre-Damping Rings (PDR) and then Damping Rings (DR) that drastically reduce to emittance [2] before being injected into the main linear accelerating system.
Damping of the oscillations of the e-and e+ is achieved in the DR by having the particles emit synchrotron radiation when submitted to acceleration. This is done by making the beams to pass through rapidly alternating magnetic field in special magnets called wigglers. In order to achieve the required beam characteristics, the alternating magnetic field in the DR must be larger than 2 T, which can only be achieved by using superconducting magnets that must be cooled to temperatures close to 4.2 K. The magnets in the PDR operate at room temperature.
THE CLIC DAMPING RINGS AND THE SUPERCONDUCTING WIGGLERS
FIGURE 2 shows a schematic layout of the CLIC damping rings [2] . The rings have a shape of racetracks with 26 superconducting wigglers located in each 92 m long straight sections (52 wigglers/DR). In the damping rings, only the wiggler magnets are superconducting, the other magnets are resistive magnets.
One of the main challenges in the superconducting damping rings is to manage the heat generated by the absorption of the X-ray synchrotron radiation on the walls of the beam pipes. The calculated X-ray power generated in each wiggler will be larger than 15 kW, for a total power (including other magnets) in each DR of more than 1 MW. In order to cope with this radiation, it is envisaged to absorb most of the radiation in room temperature collimators located between the wigglers, as shown in FIGURE 3, but a significant amount of X-rays, 20 W/m to 26 W/m, from preceding wigglers will anyway fall on the beam pipe of each wiggler [2, 3] .
The Superconducting Wigglers
The SC wigglers are currently under study [3, 4] and several designs have been proposed using either NbTi or Nb 3 Sn superconducting cables, the main baseline parameters of wigglers under study are shown in TABLE 1. For this study, the wiggler magnets have a length of 2 m. The wigglers functionality is to generate a static alternate magnetic field; they therefore operate essentially at constant current. The wigglers are made of two superposed sets of coils with a gap in between where the particle beam pipe passes, as shown in FIGURE 4. 
COOLING THE WIGGLERS IN THE DAMPING RINGS

Cooling of the Wigglers
In order to guarantee the most homogeneous cooling, the first approach is to cool the magnets by direct immersion of the coils and of the beam pipe in a cooling fluid, i.e. liquid, supercritical or superfluid helium. Although the magnets are all impregnated in epoxy resin, this provides a good cooling of all parts of the magnets. This cooling method is widely used in superconducting magnets for accelerators like the LHC or the Tevatron. This scheme has however its drawbacks as all heat loads, from the magnet and from the beam pipes, must be extracted at the low temperature required by the superconductor. Another difficulty is the necessity to build a pressure vessel around the magnets and the fact that the beam pipe has to resist to the external pressure in the cold mass.
In the wigglers, the main contribution to the heat loads is by far the synchrotron radiation which falls on the beam pipe (it is fully absorbed in less than 0.1 mm) and that can reach up to 26 W/m (52 W/wiggler). In order to obtain the performance required by CLIC, the mid plane magnetic field of the wiggler has to be maximized. As this field depends directly on the size of the gap between the coils there is a strong incentive to mimimize this distance. One of the results it that the synchrotron radiation heat load is deposited on a region that is the closest to the beam tube, which makes the extraction of this heat particularly crucial for the operation of the magnets. This is specially difficult when the space between the coils and the beam tube is filled with helium. A first possibility to avoid this problem would be to use an independtly cooled beam scream inside of the beam pipe, but this is very damaging in terms of reduction of the available cross section for the e-/e+ beam is not desirable. FIGURE 5. Possible configuration for a conduction cooled superconducting wiggler in its cryostat.
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Another possibility to avoid this problem is to completely suppress the helium immersion and to cool the beam pipe and the magnets separately. In such a configuration, the beam pipe and the magnets are placed in the insulation vacuum which provides an excellent thermal insulation between the beam pipe and the magnets. An advantage of this scheme is that the temperature of the beam pipe can be independently optimized for the quality of the vacuum and for a more efficient heat extraction at higher temperature and a drastically reduced heat load at 4.5 K. A possible cross section of such a configuration is shown in FIGURE 5. Such a configuration is, however, not without difficulties, as the coils must be kept at operating temperature by conduction only. A specific program is currently being carried out to develop a prototype magnet that would allow to validate the design [4] .
Cryogenic Layout
In the damping rings, 26 wigglers will be located in each straight section. Several schemes are possible for powering, ranging from only a pair of current leads at the end of the string of magnets or a pair of current leads for each magnet. Cooling the magnets can also be performed in different group of magnets. Studies are still ongoing on the optimal cell size, but the current baseline is to power and cool strings of 13 wigglers in series, i.e. to power and cool half of a straight section in one cell as shown in FIGURE 6. This layout has been chosen in order to limit the pressure drops and also for powering and magnet protection reasons [4] . Some of the advantages and disadvantages of different layouts are summarized in TABLE 2.
Cryogenic Systems for the Baseline Cryogenic Configuration
The baseline cryogenic layout used to cool the DRs follows the powering sectorization and has two cells of 13 wigglers for each straight section of the DRs. The cold fluids are supplied from a central cryoplant an distributed to the straight sections through cryogenic lines. FIGURE 6 shows such a configuration: the magnets are cooled by a flow of about 1 supercritical helium at 3 bar. The choice of supercritical helium avoids the problems of two phase flow and of the potential difficulties linked to the phase separation. As the inlet temperature must be at or below 4.2 K the helium is sub-cooled in a low pressure helium bath. A flow of about 1 kg/s is needed to limit the temperature increase in the cooling loop. This flow could be provided by a cryogenic pump; based on existing experience with similarly sized cryogenic pumps [5, 6] , an additional heat load of about 50 W is expected for an optimized pump (with a pressure difference of 100 mbar, 1kg/s mass flow, efficiency of 0.6). This heat load is not taken into account in the estimations as it is very small compared to the heat loads from synchrotron radiation.
The main estimated characteristics of the corresponding cryogenic systems (values for 1 DR) are shown in TABLE 3 for magnets operating at a maximum temperature of 4 K (NbTi) and 5 K (Nb 3 Sn). The requirements for a thermal screen at 50 K -80 K are included in the global values but not shown in detail. TABLE 4 also shows the characteristics of a cryogenic system using Nb 3 Sn conduction cooled wigglers, where the synchrotron radiation heat is extracted between 50 K at inlet and 80 K at outlet (these temperature are not fixed yet and theses values have been chosen as an example). In this case the coils are cooled by a supercritical helium loop and the beam pipe is cooled by a helium gas loop at 10 bar. All pipe diameters have been chosen with values compatible with a potential configuration and in order to limit the effect of the pressure drop. The estimations are for one damping ring and the powers are given as equivalent power at 4.5 K. A value of 250 W (electrical) per W (extracted at 4.5 K) was used for the estimation of the electrical power.
The estimations show that in all cases, the required cryogenic plants are in ranges where extensive experience is available. As expected the configuration with conduction cooled magnets and the main heat load extracted between 50 K and 80 K requires a much smaller cryogenic capacity. In all cases, one cryoplant (with doubled capacity) could be used for the two DRs. 
CONCLUSIONS
Several cryogenic configurations for the superconducting wigglers of the damping ring of CLIC were studied. For configurations where the superconducting magnets and the beam pipe are immersed in cryogenic fluids, up to 26 W/m have to be extracted at temperatures of less than 5 K, leading to cryoplants of 3 kW (Nb 3 Sn) and 2.9 kW (NbTi) equivalent power at 4.5 K (for one DR). An alternative configuration is to use conduction cooled magnets to thermally decouple the beam pipe from the magnets and extract the synchrotron radiation heat at higher temperature. This leads to much reduced cryogenic plant capacity of 0.25 kW equivalent power at 4.5 K for synchrotron radiation heat extraction between 50 K and 80 K. 
